High harmonic generation (HHG) enables the production of coherent light in the extreme-ultraviolet (XUV) spectral region. However, the radiation conversion efficiency from infrared to the XUV is low. We observed enhancement of HHG in gas mixtures of H 2 and Ne compared to pure gases H 2 or Ne. Our experiments show that at an intensity of ∼1.5 × 10 14 W∕cm 2 and in mixtures of gases with significantly different ionization potentials (IPs), the initial HHG takes place in the component with lower IP (H 2 ), inducing excited states and facilitating ionization and HHG in the component with higher IP (Ne). We show that the combination of the two gas components results in an enhancement or suppression of the output of high harmonics as compared to pure gases, which is also confirmed by the employed phenomenological model.
INTRODUCTION
High harmonic generation (HHG) is a process resulting in the conversion of infrared (IR) photons into extreme-ultraviolet (XUV) photons, and is an attractive tabletop source of coherent radiation in this spectral region [1, 2] . The production of XUV radiation allows for the study of atomic and molecular processes [3] resulting in a better understanding of the quantum dynamics of electronic wave packets [4] and their interactions in chemical and biological systems [5] . Radiation from HHG has been used in the production of isolated attosecond laser pulses, aiding the investigation of electron dynamics in atomic systems [6, 7] , such as the rapid atomic phenomena of Auger decay [8] . The advent of HHG has opened analysis of a plethora of new phenomena in the interaction of atoms and molecules with radiation: the realization of extreme nonlinear optics [9] , quantum interference effects [10] [11] [12] , and molecular selfprobing [13] . The HHG process has been explained by the semiclassical three-step model [14, 15] , which has been verified by the strong-field quantum mechanical treatment [16] . In this model, an electron, initially in the ground state of an atom exposed to an intense laser field, tunnels through the atomic barrier formed by the Coulomb potential. When the laser field changes its sign, the electron is driven back to its parent ion with high kinetic energy. If the electron recombines with the parent ion, it releases its kinetic energy in the form of high-energy photons. This coherent process occurs every halfcycle of the laser pulse, leading to the emission of odd harmonics. However, current pump-probe experiments, especially with XUV pump and XUV probe pulses, are still limited due to low photon flux, motivating the development of methods to enhance the HH yields [1, 17] .
A dramatically enhanced HHG yield in He with simultaneous irradiation by the fundamental IR and by the produced high harmonics (HHs), 13th or 27th, was theoretically described in [18] with enhancement factors of several orders of magnitude. This was attributed to the excitation of intermediate excited states in He by an intense high harmonic (13th or 27th). An enhancement effect up to a factor of ∼4 × 10 3 was observed in a He-Xe mixture compared to pure He with the mixing ratio of the Xe and He partial pressures being ∼0.04 [19] . This enormous enhancement was ascribed to boosting the first ionization step of the three-step model. In a dual-cell setup with cascade generation of HHs, i.e., first in Ar gas and then in Ne gas, an up to three-fold enhancement of the conversion efficiency of HHs was observed [20] . Such an increase was explained by the generation of a low-order harmonic (third), provided that it has the proper phase required in agreement with phase matching conditions. However, it was also shown that the interaction of two gas components in a mixture can reduce the HH output [21] .
In this paper, we report an improvement in conversion efficiency of the fundamental IR light into high harmonics by using a gas mixture consisting of a gas with low ionization potential (H 2 , I p 15.4 eV) [22] and another with high ionization potential (Ne, I p 21.6 eV) [23] . The HHG in pure H 2 [24] and Ne [25, 26] was studied previously. The use of H 2 in the mixture is of particular interest since this is the simplest molecular system for comparison with theory [27, 28] .
EXPERIMENTAL SETUP AND RESULTS
Over the barrier tunneling ionization predicts a saturation intensity of I sat 2.2 × 10 14 W∕cm 2 for H 2 and I sat 8.7 × 10 14 W∕cm 2 for Ne [29] . To obtain intensities approaching this range, we used a Ti:sapphire laser system emitting pulses with a duration of ∼50 fs and having a central wavelength of 800 nm, an output pulse energy of up to ∼1 mJ at a 1 kHz repetition rate. Radiation was focused onto a gas jet of pure H 2 , Ne, or their mixtures using a lens with a focal length of 40 cm. The high harmonics were detected by an XUV McPherson spectrometer with the MCP output followed by a fluorescent screen and imaged by a CCD camera. In all experiments a peak laser intensity of 1.5 × 10 14 W∕cm 2 was used. The experiments were performed at different partial pressures and for various total pressures of the mixtures and showed an enhancement or reduction of the HH output compared to using pure gases. To achieve this, the backing gas pressures were varied, while all other experimental conditions were kept identical. Each result was averaged over five measured spectra, each of which was taken with an integration time of 1 s, except for measurements with pure Ne, which required a longer integration time of 30 s due to the high ionization potential of Ne compared to H 2 .
The pressure at the periphery of the interaction chamber was kept low enough (2.5 × 10 −3 mbar) to reduce the reabsorption of XUV radiation produced by HHG. The local pressure (p j ) at the gas jet where HHs are produced was p j ∼ 50 mbar, and was estimated under the assumption that the gas jet is proportional to the pressure in the interaction chamber by measuring the temporal dependence of the gas consumption from a small size container with similar initial backing and interaction chamber pressures [30] . When the laser beam was focused on the gas jet, the emission of high harmonics of orders from 11th to 21st was observed ( Fig. 1) . At a laser intensity of 1.5 × 10 14 W∕cm 2 only weak HHs were observed in Ne gas (green curve in Fig. 1 ). In the gas mixture (blue curve in Fig. 1 ) with 37.5% Ne and 62.5% H 2 partial pressures, a noticeable enhancement of the HH output (HH output normalized to output for pure H 2 ) of up to a factor ∼1.5 (for 11th HH) occurred compared to the case in which only pure H 2 gas (red curve in Fig. 1 ) at the same total backing pressure was measured. The enhancement factor for Ne of ∼3 × 10 3 was more significant. Figure 2 shows the enhancement factors for harmonics from the 11th to the 21st order for gas obtained by mixing H 2 with the backing pressure fixed at ∼0.7 bar and Ne with the backing pressure increasing in steps of ∼0.4 bar up to ∼2.8 bar. The pressure in the interaction chamber was kept at 2.5 × 10 −3 mbar, which corresponded to the pressure in the gas jet of p j ∼ 50 mbar. The HH output was normalized to the output of pure H 2 at the same total backing pressure for all HHs. All data in Fig. 2 show an initial rise of the enhancement factor with increasing Ne partial pressure (reaching the maximum in the range of ∼30%-60% ), which is followed by a drop in the enhancement factor when the partial pressure of Ne exceeds ∼60%. The maximum values of the enhancement factor varied from ∼1.2 for 11H to ∼2 for 21H.
The enhancement was also studied for a fixed total pressure where the Ne partial pressure was increased in 12.5% increments. It is assumed that the gas mixture ratio, which is determined by the partial pressures in the container before the gas jet, is preserved in the gas jet. This was carried out for three different pressures in the gas jet chamber that were set by changing the gas flow while the total backing pressure was fixed at 2.8 bar. The most pronounced enhancement effect was observed at intermediate values of Ne concentrations and decreased with increasing total pressure in the gas jet chamber. For this pressure 10 −3 mbar (the gas jet pressure 20 mbar) [ Fig. 3(a) ] the peak was observed at 37.5% of Ne and 62.5% of H 2 , while for the higher pressure of 5 × 10 −3 mbar [ Fig. 3(c) ], the maximum shifted to lower Ne concentration: ∼12.5% of Ne and ∼87.5% of H 2 . The HH output dropped at Ne concentrations above a value that depended on the gas jet chamber pressure: above ∼60% for 10 −3 mbar (p j 20 mbar), above ∼40% for 2.5 × 10 −3 mbar (p j 50 mbar), and above ∼20% for 5 × 10 −3 mbar (p j 100 mbar). 
INTERPRETATION, MODEL SIMULATION, AND DISCUSSION
We attribute the observed HHG enhancement effect to HHG in hydrogen molecules, which have a lower ionization potential; this booster XUV radiation induces excited states in Ne, which together with the IR radiation facilitates ionization of Ne. Because of the larger ionization potential of Ne, there is a weak HH signal from pure Ne gas with the used driving laser parameters, whereas for H 2 , a significant HH output was theoretically [31] and experimentally [24] found at this intensity level. The ionization of Ne can be enabled via several channels: (1) the generated 11th harmonic leads to a resonant transition from the ground 2p 6 state of Ne to an intermediate 3s state, from which the ionization can then be performed with a photon of the third harmonic; (2) the 13th harmonic can excite from the ground 2p 6 state to a 3d state with subsequent ionization by a single photon of the fundamental radiation; (3) direct multiphoton excitation of other than 3s and 3d energy levels in Ne; (4) production of an excited state followed by tunneling ionization from this excited state, which has a higher probability than from the ground state; (5) generation of low-order harmonics (i.e., third) that can enhance or reduce the ionization and HH output due to various phase matching conditions with respect to the field at the fundamental wavelength [3] . We note that the laser-induced dynamic Stark shift also affects the probabilities of the induced transitions [32] . Any significant contribution of collisional energy transfer is highly unlikely because of the extremely short interaction time, which is also confirmed by the fact that the HH enhancement effect does not necessarily increase with increasing gas pressure.
Careful consideration of the possible ionization channels allows selection of only those phenomena that are most likely. The first step of channels 1 and 4 of the 2p 6 → 3s transition has the lowest photon multiplicity (11 photons) compared to other transitions (channels 2, 3) and therefore should have the higher probability. The transition 2p 6 → 3d has somewhat higher photon multiplicity (13 photons) and thus should have lower probability. For channel 5, a strong dependence on the gas pressure that allows us to tune the phase matching between the fundamental and low-order harmonics can be expected, as was observed in Ref. [9] ; however, we observed only a rather gradual pressure dependence. Consequently, channels 1 and 4 through the excitation of 2p 6 → 3s transition as the first step are the remaining candidates to dominate the ionization process. There is a difference between these two channels in the expected dependence on the density of the low IP gas component (H 2 ). For channel 1 the probability of the transition 2p 6 → 3s can be expected to be proportional to the intensity of the respective XUV resonance radiation, which for coherent summation of contributions from individual molecules should be proportional to the square of the density of H 2 molecules. For a two-step ionization process this leads to fourth-order power dependence, provided that neither of the two transitions experiences saturation. For channel 4 with a single excitation step a square dependence for the ionization probability can be expected.
Using the approach outlined in Ref. [21] , we have developed a phenomenological 1D model and applied it to describing HHG for a mixture of gases (H 2 and Ne). We assume that H 2 gas (with low IP) is ionized and produces HHs first, so that the produced HHs facilitate the HHG in Ne gas (with high IP), together with the incident IR pulse. The output of HH of order q propagating in the x direction is described by
where A q x is the complex amplitude of the partial atomic contribution to the HH output from the element of the medium in the longitudinal direction d x, and l m is the total length of the gaseous medium, which affects the HHs' propagation. For a mixture of two gases using the description of Ref. [19] , we assume
where n H 2 ;Ne are the molecule densities of H 2 and Ne gases, respectively, d H 2 ;Ne are the induced dipoles, and a H 2 ;Ne are the probability amplitudes of the electron recombination for the species of the H 2 and Ne, which take place with phases φ H 2 ;Ne , respectively, so that Δφ φ H 2 − φ Ne . Here we assume that n H 2 ;Ne have the distribution
where n 0H 2 ;0 Ne are the maximal densities of H 2 and Ne in the gas jet, l m0 ≪ l m , and that the laser field E has a longitudinal spatial distribution
Here l R is the Rayleigh range, which determines the extension of the high intensity region with the main contribution to the HHG process. The power law for the dependence of the HH output on intensity around value ∼1.5 × 10 14 W∕cm 2 was experimentally measured to be γ ≈ 3.
In Eq. (1) the absorption length is l a α −1 , where α is the absorption coefficient, and the coherence length is l c π∕Δk, where the wave vector mismatch Δk between infrared and XUV light depends on several contributions [33, 34] . For the 19th harmonic (used in further simulations and comparison with experimental results) the largest contribution to Δk is expected from the difference of the refractive indices for the fundamental and HH radiation [35] , which is proportional to the gas density. In general (for other harmonics, densities, or gas mixtures), this relation may not hold; then other contributions to the mismatch Δk must also be taken into account.
At relatively low pressures the contributions to the total absorption and Δk from both gases sum up. Consequently, we use the approximations l a ∼ l
When species with low IP are added to species with high IP, the probability of ionization of the latter also changes due to HHG in the former. In two-step ionization (i.e., with 11th HH to an intermediate level and then ionization with third HH) the total probability will be proportional to the product of the intensities of the 11th and third HHs, and since due to the coherent superposition, each is proportional to the square of the density of H 2 gas (we assume the absence of any saturation effects, because the efficiency of HHG is low), for Δa Ne , the contribution to the ionization probability amplitude of Ne due to HHG in H 2 , we accept Δa Ne ∝ n 2 H 2 , with n H 2 being the density of H 2 gas. Then the total probability amplitude of ionization of Ne gas, a Ne , can be presented as
where Q is a proportionality factor. The term due to direct ionization of Ne gas, a Ne;d , is small, which is confirmed by our experimental data shown in Fig. 1 , from which an estimate d Ne a Ne;d ∕d H 2 a H 2 ∼ 0.08 was inferred. When l m0 ≫ l a or l m0 ≫ l c , the output is reduced due to significant absorption and accumulated phase mismatch. For a uniform gas medium with constant gas density, the expression of Eq. (1) can be factorized so that the factor due to local HH and the propagation factor can be considered separately [19, 21] with jA q j 2 constant within the length of the medium l m . The propagation factor for a uniform medium can show strong oscillations, originating from the stepwise density distribution. For a smooth density distribution, as is realized in our experiments, the oscillations are suppressed, which was also confirmed by our observations and calculations. Based on this model and our experimental results, we performed simulations of the dependences of the HH output (19th HH) on Ne pressure and Ne fractional content similar to Figs. 2 and 3 .
The following values were used for the calculations: l a;0H 2 10 mm, l c;0H 2 0.4 mm, l a;0 Ne 1.8 mm, l c;0Ne 2.2 mm, and l m0 l R 0.4 mm. As a fitting parameter we used (1)- (5) for the 19th harmonic (λ ∼ 42 nm), for which the refractive index and absorption could be obtained from the literature [36, 37] . The phase difference Δφ can be expected to be different for different harmonics [38] , and fitting experimental data for the 19th harmonic was consistent with the value Δφ 1.4 rad. The red dashed line shows the result of calculations with the same Eqs. (1)- (5), but with factor Q 0. The difference between the black solid line and the red dashed line shows the effect of the additional contribution due to initial HHG in H 2 that also boosts HHG in Ne and, thus overall, the enhancement factor, providing better agreement to experimental data. Figure 5 shows results of the model calculation of the enhancement factor for varying partial pressure of Ne. The meaning of the shown curves is similar to those in Fig. 4 . Again, the black solid line that takes into account the boosting effect of the initial HHG in H 2 gives better agreement with experimental data. Note that the regression analysis for the Fig. 3(b) . Black solid line is the result for the model of Eqs. (1)- (5), red dashed line is a similar calculation, but with factor Q 0, and green triangles are the experimental results for the 19th harmonic of Fig. 3(b) (green solid line is a guide to the eye).
fitting curves in Figs. 4 and 5 (black solid line for both figures) gives R-squared values of 96% and 89%, respectively.
The output of HH can be enhanced or decreased depending on the phase relations of the partial contributions from gas components. The initial drop in the enhancement, especially pronounced at a lower pressure [see Fig. 3(a) ], can be explained by the phase shift between partial contributions to HHs from two different species. Thus, in a gas mixture, a component with well-known characteristics can serve as a probe to test the characteristics of another component contained in a mixture, which has not been well studied. The dipole phase shift also reflects the contributions of the short and long electron trajectories and varies for different harmonics and, thus, also contributes to the HH chirp [38] .
The maximum in the HH outputs at intermediate fractional pressures of Ne arises from an increase of the contribution of Ne, which on the one hand requires the initial HH generation in H 2 and thus a significant density of H 2 molecules, and on the other hand requires a considerable concentration of Ne atoms as well. With an increase in Ne pressure, the HH absorption becomes more and more important [39, 40] , and reduces the overall HH output, as is also observed in the experiment (Figs. 2 and 3 ).
CONCLUSION
In conclusion, the HHG yield in a mixture of H 2 and Ne was studied for various total and partial pressures. We observed up to a two-fold enhancement of the HH output compared to pure H 2 and up to ∼3 × 10 3 enhancement compared to pure Ne when using a laser pulse with a peak intensity of 1.5 × 10 14 W∕cm 2 . The enhancement effect was most pronounced for mixtures with intermediate partial pressures of Ne (in the range of 12%-40%). The maximum output was observed to shift to lower partial pressures of Ne with increasing total pressure. We relate the enhancement mechanism to a more efficient ionization process of Ne due to HHs produced initially in H 2 . Among different possible ionization channels, ionization through intermediate excited states seems to be the most likely mechanism. Thus, mixing of gases with low and high ionization potentials opens new possibilities for studying the relative contributions of different gas components and for enhancement of the HHG process efficiency without any increase in the driving laser energy. 
